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a b s t r a c t

Recent regional climate-change models indicated significant changes in the temporal and spatial
distribution of rainfall in the Mediterranean-Basin region. Understanding the consequences of rainfall
alterations for soil respiration and carbon processing in these regions is essential, considering their
crucial functions for soil fertility and ecosystem functioning. Our aim was to evaluate the effect of rainfall
manipulations and shrub cover on a soil microbial community within a climate-change framework.
Three rainfall-manipulation treatments were designed to reflect potential changes in precipitation
regimens: supplemented winter rainfall; winter drought; and control. Soil samples were collected
seasonally under shrub (Sarcopoterium spinosum) canopies and between shrubs. Our results indicate
significantly (p < 0.05) higher soil moisture in the supplemented winter-rainfall treatment in the
Mediterranean and semi-arid sites in the second winter, mainly due to differences in the rainfall
distribution pattern. Microbial biomass was significantly (p < 0.05) higher under dry conditions
compared to more mesic conditions. Soil abiotic parameters, e.g., moisture, organic carbon, and dissolved
organic carbon, were significantly higher in the shrub understory compared to open spaces at the semi-
arid site. The present study elucidates that the multifaceted importance of shrub cover as an organic-
matter donor, prolonging moisture availability and moderating temperature and radiation, increases
under arid conditions.

� 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

Anthropogenic emissions of greenhouse gases are expected to
cause significant changes in global climate during this century [1].
It has been suggested that such warming is linked to recent
increases in heavy daily rainfall caused by increased atmospheric
water vapor and warmer air [2,3]. According to Ben-Gai et al. [4],
climatic change might involve a combination of two statistical-
model outcomes: a shift in location and a change in the scale of
the distribution function, demonstrating a possible alteration in the
temporal and spatial distribution of rain. Trends show increasing
total annual rainfall in many regions of the world [5], while
Mediterranean regions exhibit a paradoxical increase in extreme
rainfall events in spite of a decrease in the total amount [3,6,7].
Hobbie [8], Robinson et al. [9], Sternberg et al. [10], and Chapin et al.
[11] emphasized the effect of spatial and temporal alterations in
rainfall that can affect ecosystem functioning by influencing

ecosystem processes, such as shrub-litter decomposition, nutrient
cycling, primary productivity, and biodiversity. Climate changes
might directly, by changes in soil abiotic conditions, or indirectly, by
changes in shrub-community composition, alter soil processes and
the organisms that mediate these processes [12]. According to
Sternberg et al. [13], understanding the responses of terrestrial
ecosystems to global environmental change is a major challenge of
current ecological research, where little research has focused on
how anticipated changes in precipitation might affect terrestrial
ecosystems [14,15]. These changes have become very important in
the eastern Mediterranean Basin, where water availability is a key
driver for ecosystem functioning [13]. According to Weltzin et al.
[15], shifts in precipitation regimes, especially in arid and semi-arid
environments, may have an even greater impact on ecosystem
dynamics than the singular or combined effects of rising CO2 and
temperature, where water determines primary production.
Furthermore, Bernstein et al. [16] showed that climate models
indicate that arid ecosystemswill be strongly affected by changes in
temperature and precipitation within the next century.

Changes in regional precipitation regimes will change water
availability and are expected to have important effects on the
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distribution, structure, composition, and diversity of shrub, animal,
microflora, andmicrofauna populations and communities and their
related ecosystems [1,15,17,18]. According to the findings of Kardol
et al. [12], soileecosystem functioning under climate change affects
plants. Changes in species composition could affect primary
production, rates of decomposition and biogeochemical cycling,
frequency and intensity of wildfires, availability of water resources,
and fluxes of energy and materials between the biosphere and the
atmosphere [15,19,20]. Changes in precipitation can also result in
a significant change inmicrobial biomass depending on season, and
will alter the ability of a soil-bacterial community to utilize
different forms of carbon [21]. As a result, soil moisture is a key
factor that directly links precipitation and ecological systems, and is
considered one of the most important triggers in activating biotic
communities in general and soil-microbial communities in partic-
ular [22,23,24].

In order to evaluate the effect of precipitation amount on
terrestrial ecosystems, a rain-manipulation design was developed
[25,26,27]. This method includes: (1) the use of rainout shelters,
which prevent access to natural precipitation (30% less at each
rainfall event) in order to mimic a decrease in rainfall; (2) artificial
water amendment using sprinkler irrigation (30% addition to the
total long-term annual mean) in order to mimic an increase in
rainfall; and (3) control site, which receives natural rainfall. In the
present study, an experimental approach similar to that of Talmon
et al. [27] was tested using the rainfall-manipulation method in
order to evaluate the effect of rainfall on the soil microbial
community in Mediterranean and semi-arid ecosystems. The con-
trasting scenarios (drought and increased rainfall) were originally
based on spatially variable changes in observed rainfall patterns in
the region [3,28], and were confirmed by recent observations and
climate-change models [2,6,7].

Revealing the relationship between spatial and temporal
changes in the amount of rainfall and changes in the soil microbial
community, might provide an important tool for monitoring
changes in soil-moisture availability. In the present study, which is
part of a large-scale environmental monitoring program, our goal
was to quantitatively determine the response of a soil microbial
community to the changes caused by rainfall manipulation on
a temporal and spatial scale in Mediterranean and desert ecosys-
tems. In order to achieve this goal, rainfall-manipulated plots were
setup in the above-mentioned Mediterranean and semi-arid
ecosystems, and soil microbial respiration and biomass in open
areas and under shrub understories were evaluated.

2. Materials and methods

2.1. Study site and sampling design

A methodological approach involving rainfall manipulations at
two study sites located in Mediterranean (N 31�420 E 35�30) and
semi-arid (N 31�230 E 34�540) regions in Israel, was taken in order to
illustrate potential changes in precipitation regimes. The two study
sites were part of four experimental sites established during 2001
and located along a 245 km long climatic gradient stretching the
entire length of Israel, from north to south (for full description, see
Sternberg et al. [13]). The elevation of the Mediterranean and semi-
arid sites is 620 m a.s.l. and 590 m a.s.l., respectively. The annual
mean temperature and rainfall at the Mediterranean site are 17.7 �C
and 540 mm, respectively. The annual mean temperature and
rainfall at the semi-arid site are 18.4 �C and 300 mm, respectively.
The two sites share the same calcareous bedrock (hard limestone)
and are positioned on south-facing slopes. The basic climate in the
region is Mediterranean, characterized by rainy winters
(OctobereApril) and long, dry summers (JuneeAugust). The shrub

growing season commences soon after the first rains, between
October and December. Vegetation-pattern formation at both sites
is dwarf shrubland, dominated by Sarcopoterium spinosum. At each
site, plots of 10 � 25 mwere used to simulate either wetter or drier
winters (5 plots for each one of the three treatments), according to
scenarios based on existing climate-change models for the region
and representing two contrasting conditions.

Three water-manipulation treatments were used: (1) supple-
mented winter rainfall: 30% more than the long-term annual
average precipitation, achieved by irrigation at the end of every
rainfall event using drizzle sprinklers; (2) simulated winter
drought: 30% less than the annual average precipitation, achieved
by using plastic rainout shelters, as described Sternberg et al. [13];
and (3) natural conditions (as a control). The fixed rainout shelters
utilized V-shaped greenhouse plastic bands to intercept a given
amount of rainfall. These bands were supported by a frame of
galvanized aluminum (mean height ¼ 2.5 m) and covered a total
surface of 25 � 10 m. The roofs were angled and drained into
gutters at the downslope edge of the roof. The gutters led to
collection pipes that drained the intercepted water outside the
study plots. The sides of the rain shelters were open to allow air
movement and to minimize temperature and humidity differences
under and outside the shelter [25]. Soil samples were collected on
a seasonal basis (winter, spring, summer, and autumn) from the
upper 10 cm soil layer (using a 10 cm diameter auger) at each site
from all treatments (n ¼ 5, when each of n is composed of two
subsamples), both under shrub canopies and from the open spaces
between shrubs (focusing on a single shrub species, S. spinosum)
between October 2007 and July 2009. The soil samples were stored
in individual plastic bags and kept in a cooler in order to prevent
their heating until arrival at the laboratory. Upon arrival at the
laboratory, the soil samples were sieved (<2 mm) in order to
remove root fragments and other organic debris, and kept at 4 �C
until biotic and abiotic analyses.

2.2. Data collection

Due to the large amounts of data obtained and in order to
concentrate on the effects of rainfall in the two ecosystems, we
focused mainly on the two opposite seasons: winter and summer.

2.2.1. Abiotic parameters
Rainfall data were obtained from two meteorological stations

(one at each study site) using automatic rain gauges (see Sternberg
et al. [13]).

Soil moisture (SM) content was determined gravimetrically by
drying soil samples for 72 h at 105 �C [29].

Soil water-holding capacity (WHC): One-hundredegram dry soil
samples were flooded with tap water in a bottom-perforated vessel
for 5 min. TheWHCwas inferred from the amount of residual water
remaining following infiltration of gravitation water.

Total organic carbon (TOC) is a measure of all organic matter
available in the soil, including soluble and non-soluble carbon, with
the available and unavailable carbon forming the pool for
microbial-community utilization. The content of TOC was deter-
mined by oxidation with 1 N potassium dichromate in acidic
medium, according to Oren and Steinberger [23].

Total soluble nitrogen (TSN) and dissolved organic carbon (DOC)
contents in soil extracts [0.01 M CaCl2, 1:2.5 soil/solution ratio [30]]
were determined using a Skalar Analytical San Plus Analyzer (The
Netherlands).

2.2.2. Biotic parameters
Microbial biomass and CO2 evolution were detected using the

MicroResp� plate method [31]. Water or glucose was added to
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whole soil samples (0.33 g in each well) in deep well plates. Each
soil sample was incubated for 48 h (before testing) with water
saturation state of 40% water-holding capacity. CO2 evolution was
measured by dye plates e a colorimetric reaction using absorbent
alkali with the ability to measure carbon dioxide evolution. The
plates were read twice in a spectrophotometer at 590 nm: before
the plates were placed on the deep wells containing the soil
samples (time 0), and after 1 h (time 1). During that time, the plates
were incubated in the dark at 27 �C. The result for each well was
calculated compared to the 16th well, which contained the same
soil sample and water, measuring the basal respiration with no
carbon source at all. Glucose was added to determine microbial
biomass according to the substrate-induced respiration method
[32].

Metabolic quotient (qCO2) was determined by calculating the
ratio between basal respiration and microbial biomass.

MB/TOC ratio was determined by calculating the ratio between
microbial biomass and total organic carbon.

Measured rates of substrate-induced abiotic CO2 evolutionwere
subtracted from the CO2 evolution data, thereby providing net
biotic rates. These were then multiplied by the CO2 retention
correction factors determined individually for each soilesubstrate
combination [33].

2.3. Statistical analyses

All data were subjected to statistical analysis of variance using
the SAS model (ANOVA, Duncan’s multiple range test) and were
used to evaluate differences between separate means. ANOVA was
followed by Tukey’s HSD test to establish the significance of
differences between plot areas using the statistical package Sta-
tistica 4.3. Differences obtained at levels of p < 0.05 were consid-
ered significant. Significance between parameters in the figures are
represented by small letters [34].

3. Results

3.1. Abiotic parameters

3.1.1. Precipitation
The field and laboratory study extended from October 2007 to

July 2009 (a total of 22 months), and included two rain seasons. The
first rain season began in October 2007 and ended in May 2008,
while the second started in September 2008 and ended in April

2009. These rain seasons were found to be significantly different in
total rainfall amount and its distribution (Fig. 1). At the Mediter-
ranean site, the total amounts of rainfall obtained both years were
60 and 76% of the total mean multi-annual value of 580 mm,
respectively. A similar phenomenon was observed at the semi-arid
study site, with a total rainfall amount of 180.8 mm year�1 in the
first rain season and 132.3 mm in the second (60% and 44% of the
long-term mean annual rainfall, respectively).

During the first year, the largest rainfall events at the Mediter-
ranean site occurred between December and February. During the
second rainfall period, most of the rainfall events occurred over
a period of 4 months, from November 2008 to March 2009, with 15
rainfall events occurring in March (Fig. 1).

At the semi-arid site, changes in rainfall distribution during the
first year were found to be similar to those noted at the Mediter-
ranean site. The majority of the rainfall events, 14 and 9, respec-
tively, accompanied by the highest rainfall amount, occurred in
January and February 2008 (Fig. 1). During the second rainfall year,
most of the rainfall events at the semi-arid site occurred in
December, February, and March, with 8, 9, and 8 events, respec-
tively (Fig. 1).

3.1.2. Soil moisture
The total amount of rainfall, as well as its distribution, was found

to affect soil moisture levels at the different treatments. Gravi-
metric soil moisture, which was determined in samples collected at
the different sampling sites throughout the study period, ranged
between 1.66% and 19.64% at the open spaces, and 2.89% and
24.64% under S. spinosum at the Mediterranean site. At the semi-
arid site, the values ranged between 1.14% and 15.2% at the open
spaces and between 1.51% and 17.72% under S. spinosum shrub
(Fig. 2). At the Mediterranean site, soil-moisture values were found
to be affected by rainfall treatment only in the second year, showing
a significantly (p < 0.005) higher value in comparison to the dry
and control plots at both the open and under-shrub sampling
locations. A similar trend was obtained for the summer period in
samples collected beneath the shrubs, where the soil moisture
levels in the water-amended sites were found to be significantly
(p < 0.05) higher in comparison to the other treatments. However,
at the inter-canopy, the water-amended treatment was found to be
significantly (p < 0.05) higher only than the control treatment.

At the semi-arid study site, due to the significantly lower total
amount and distribution of rainfall, the soil moisture level inwinter
2008 (Fig. 2b) was found to be significantly (p < 0.05) higher in
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Fig. 1. Monthly rainfall in the research area during the study period (October 2007eJuly 2009). The number at the top of each column represents the number of rainfall events that
occurred each month.
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comparison to the winter rainfall period of 2009. Despite the high
amount of rainfall in the 2008 winter period (Fig. 1), no significant
differences at the p < 0.05 level were found between the treat-
ments. The effect of shrub canopy on soil moisture level was found
to be significant (p < 0.05) in comparison to the inter-shrub
sampling habitat (Fig. 2b). During the second year winter period,
significant results in water-amended treatment were obtained in
comparison to the dry and control sites (Fig. 2b).

Season, site, rainfall treatment, and habitat effects on soil
moisture level are presented in Table 1. Based on the above results,
samples collected in the winter season, at the Mediterranean site,
in irrigated plots, and at the shrub understory, all showed signifi-
cantly (p < 0.05) higher moisture levels in comparison to the other
variables related to temporal and site variables (Table 1). The effect,
as well the multiple interactions between the independent vari-
ables (Table 2), was found to show non-significance in 15 out of 31
total interactions.

3.1.3. Total organic carbon (TOC)
Slight changes in TOC were observed at the study sites and

treatments during the study period. The mean overall value of TOC
obtained at the Mediterranean site (1.6%) was found to show
a significantly (p < 0.05) higher value in comparison to the semi-
arid site (1.0%). This trend was followed by treatment effect, with
significantly (p < 0.05) higher TOC level in the ‘wet’ treatment
(1.4%) compared to the control (1.2%) (Table 1). The shrubs were
found to have a significant effect on TOC due to organic matter
accumulation. TOC values in soil samples collected under the shrub
canopy were significantly higher (p < 0.05) than in those collected
in the open gaps between shrubs (Table 1; Fig. 3a,b). TOC levels
were found to be most significantly (p < 0.0001) affected by year,
season, site, treatment, location, the interaction between site and
treatment, year and location, and site and location (Table 2).

3.1.4. Dissolved organic carbon (DOC)
The highest levels of DOC were found under the shrub canopy

(387.3mg/kg) compared to the inter-canopy samples (266.8mg/kg)
(Table 1). The contribution of the shrubs was remarkable, particu-
larly at the semi-arid site, where DOC values were significantly
higher under the shrub than in inter-canopy soil samples (Fig. 3d).
No significant differences were found betweenwater treatments at
both sites (Fig. 3c,d). In contrast, DOC levels were most significantly
(p < 0.0001) affected by year, season, site, treatment, location, and
the interaction between season and year (Table 2).

3.1.5. Total soluble nitrogen (TSN)
TSN exhibited similar patterns to soil moisture, with significant

(p < 0.05) differences between the winter and summer seasons
(Table 1). Moreover, the TSN levels in the dry plots were found to be
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Fig. 2. Changes in mean values of soil moisture (%) in samples collected inter-canopy
(,) and under the shrub canopy (-) in different seasons and water treatments
(C ¼ control, i.e., natural conditions; D ¼ ‘dry’, simulated winter drought; and
W ¼ ‘wet’, supplemented winter rainfall), at the Mediterranean site (a) and the semi-
arid site. (b) Different letters represent significant differences (p< 0.05) betweenwater
treatments in each season: white squares represent differences between samples
collected inter-canopy while black squares represent differences between samples
collected under the shrub canopies. An asterisk (*) represents significant differences
between samples collected inter-canopy and under the shrub canopy in the same
treatment.

Table 1
Duncan grouping analysis of soil samples collected for different seasons, sampling sites, water-manipulation treatments, and sampling locations for the parameters: soil
moisture (SMe %), total organic carbon (TOCe %), dissolved organic carbon (DOCemg/kg), DOC/TOC ratio, total soluble nitrogen (TSNemg/kg), DOC/TSN ratio, CO2 evolution
(CO2 ev. e mg C g�1 soil h�1), microbial biomass (MB e mg C g soil�1), MB/TOC ratio, and metabolic quotient (qCO2), during the study period. Different letters represent
significant differences (p < <0.05) between seasons, sampling sites, water-manipulation treatments, and sampling locations (each parameter separately).

SM TOC DOC DOC/TOC TSN DOC/TSN CO2 ev. MB MB/TOC qCO2

Season Winter 13.5a 1.4a 301.0a 235.7a 3.6a 99.5b 0.2b 22.1b 17.6b 16.2b

Summer 3.1b 1.3b 352.8a 285.1a 1.9b 198.3a 0.8a 78.4a 81.4a 20.7a

Sampling site Mediterranean 10.6a 1.6a 348.0a 222.3b 2.9a 146.8a 0.4b 36.3b 23.51b 17.4a

Semi-arid 6.1b 1.0b 305.3a 298.4a 2.7a 151.8a 0.6a 64.1a 75.63a 19.5a

Water treatment Control 7.2b 1.2b 272.9b 252.1a 2.4b 135.7b 0.3b 29.1b 42.0a 20.7a

Dry 7.8b 1.3ab 339.7a 269.4a 3.1a 140.0b 0.8a 65.4a 54.6a 18.9ab

Wet 10.0a 1.4a 366.6a 259.5a 2.9ab 171.5a 0.4b 56.2a 52.0a 15.8b

Sampling location Intercanopy 7.5b 1.1b 266.8b 255.1a 2.7a 130.9b 0.5a 57.2a 65.9a 20.9a

Under plant canopy 9.3a 1.5a 387.3a 265.7a 2.8a 168.1a 0.5a 43.3b 32.8b 16b
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significantly (p < 0.05) higher than in the control plots. The highest
TSN values of 6.88 and 5.96 mg TSN gr soil�1 were found at the
Mediterranean and the semi-arid sites, respectively, in the 2009
winter season in comparison to the other sampling periods (Fig. 4).
TSN was most significantly (p < 0.0001) affected by year, season,
the interaction between season and year, and the interaction
between season, year, and site (Table 2).

3.2. Biotic parameters

3.2.1. CO2 evolution
CO2 evolution represents the basal respiration of the microbial

community in the soil. The overall mean CO2 evolution value yiel-
ded in the summer seasons (0.8 mg C g�1 soil h�1) was found to be
significantly (p< 0.05) higher in comparison to the values obtained
in the winter seasons (0.2 mg C g�1 soil h�1) at both study sites
(Table 1).

In comparing CO2 evolution at the two study sites (Fig. 5a,b), no
significant difference was observed on a seasonal basis except for
the summer season of 2009, when the values of the semi-arid site
were significantly (p < 0.05) higher in comparison to those of the
Mediterranean site (Fig. 5a,b). The S. spinosum shrub was found to
maintain CO2 evolution levels in control samples two- and three-
fold lower relative to the dry and watered plots at both study sites.

The temporal (year, season) and spatial aspects (site), the
treatments as well as most of the interactions (24 out of 31)
between them, were found to significantly (p < 0.05) affect CO2
evolution, elucidating the importance of the different variables
(Table 2).

3.2.2. Microbial biomass (MB)
MB exhibited similar trends to CO2 evolution, with three-fold

higher mean values for the summer (78.4 mg C g soil�1) in

comparison to the winter (Table 1). Moreover, significant sampling-
site and sampling-location effects were obtained for the semi-arid
and Mediterranean sites (64.1 and 36.3 mg C g soil�1, respectively),
and the inter-canopy and below-shrub soil samples (57.2 and
43.3 mg C g soil�1, respectively).

The inconsistent changes in MB during the sampling period at
both study sites are presented in Fig. 5(c,d). In comparing the
two study sites, a similarity in MB behavior can be observed
except for the values obtained for the winter season 2009. A
three-fold increase in microbial biomass values (300 mg C g
soil�1) was obtained in the winter season of 2009 in the dry plots
under shrubs and at ‘wet’-treatment inter-canopy sampling
locations in comparison to the other treatments. Moreover, the
differentiation between the MB activity in samples collected
from the under-canopy and inter-canopy plots is emphasized in
Fig. 5c,d. At the Mediterranean site during summer 2009,
significantly (p < 0.05) higher MB values were observed in
samples collected under the shrub canopy (79.2 mg C g soil�1) in
the ‘dry’ treatment. At the semi-arid site during the same season,
significantly higher MB values were also observed in samples
collected under the shrub canopy (292.4 mg C g soil�1) in the ‘dry’
treatment. However, an opposite trend was observed in soil
samples collected in the inter-canopy areas: a maximum value of
304.3 mg C g soil�1 was found in the ‘wet’ treatment. Similar to
CO2 evolution, more significantly higher MB values were found at
both study sites in the ‘dry’ treatment compared to the other
treatments (Fig. 5c).

MB dynamics was most significantly (p < 0.0001) affected by
treatment, year, and season, while no significant effect was
observed in sampling site and the different habitats, e.g., below and
between shrubs. Moreover, from a total of 30 variables and the
interactions between them (Table 2) 77% of them were found to
significantly affect soil microbial biomass.

Table 2
Univariate analysis of variance (ANOVA) for soil properties and soil microbial activity from different years (2008, 2009), seasons (winter, summer), sites (Mediterranean, semi-
arid), treatments (control, dry, wet), locations (inter-canopy, under-shrub canopy), and the interactions between them.

SM TOC DOC TSN CO2 ev. MB MB/TOC qCO2

Year <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 NS
Season <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Site <0.0001 <0.0001 <0.0001 NS 0.0005 NS <0.0001 NS
Treatment <0.0001 <0.0001 0.0193 0.0086 0.0017 <0.0001 NS 0.0147
Location <0.0001 <0.0001 <0.0001 NS NS NS 0.0062 0.0169
Season *year <0.0001 NS <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Season *site <0.0001 0.0120 NS 0.0011 <0.0001 <0.0001 <0.0001 NS
Year *site <0.0001 0.0016 0.0112 0.0134 <0.0001 <0.0001 <0.0001 NS
Season *treatment 0.0003 0.0321 NS NS <0.0001 <0.0001 NS NS
Year *treatment NS NS NS NS <0.0001 0.0150 0.0428 NS
Site *treatment <0.0001 <0.0001 NS 0.0065 <0.0001 0.0005 NS NS
Season *location 0.0246 0.0142 NS NS 0.0005 <0.0001 <0.0001 NS
Year *location 0.0164 <0.0001 NS NS NS <0.0001 NS NS
Site *location NS <0.0001 0.0003 NS 0.0207 NS NS NS
Treatment *location NS NS 0.0042 NS 0.0060 0.0013 NS NS
Season *year *site <0.0001 0.0079 NS <0.0001 <0.0001 <0.0001 <0.0001 NS
Season *year *treatment 0.0055 NS NS 0.0272 <0.0001 <0.0001 NS <0.0001
Season *site *treatment NS NS NS NS 0.0006 0.0037 NS NS
Yearsite *treatment NS NS NS NS <0.0001 NS NS NS
Season *year *location NS NS NS 0.0255 NS 0.0006 NS 0.0078
Season *site *location NS NS NS 0.0037 NS NS <0.0001 0.0315
Year *site *location NS NS NS NS NS NS NS NS
Season *treatment *location NS NS NS NS <0.0001 <0.0001 <0.0001 NS
Year *treatment *location NS NS NS 0.0375 0.0485 <0.0001 0.0050 NS
Site *treatment *location 0.0452 NS NS NS NS <0.0001 0.0088 NS
Season *year *site *treatment NS NS NS NS NS NS NS NS
Season *year *site *location NS NS NS NS 0.0145 <0.0001 0.0071 NS
Season *year *treatment *location 0.0382 NS NS NS 0.0470 <0.0001 <0.0001 0.0397
Season *site *treatment *location NS NS NS NS <0.0001 <0.0001 0.0020 NS
Year *site *treatment *location NS NS 0.0396 NS 0.0213 <0.0001 0.0090 NS
Season *year *site *treatment *location NS 0.0302 0.0227 NS <0.0001 <0.0001 <0.0001 NS
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3.2.3. MB/TOC ratio
TheMB/TOC ratio elucidates the expected carbonmineralization

potential in the soil samples collected on a temporal and spatial
basis (Fig. 6a,b; Tables 1 and 2). Mean MB/TOC ratios of 81.4, 75.6,
and 65.9 were obtained for the two summer sampling periods at
the semi-arid site and for the inter-canopy soil samples, respec-
tively (Table 1). Moreover, the summer sampling in both years
showed higher values at the semi-arid site compared to the
Mediterranean site (Fig. 6), and the values at both sites were lower
in both the 2008 and 2009 winter-sampling compared to the 2008
and 2009 summer-sampling periods.

At the Mediterranean site in the winter 2008 period, signifi-
cantly higher MB/TOC ratios were obtained in the ‘dry’-treatment
inter-canopy soil samples (63.7) than in samples collected under
the shrub canopy in summer 2008 (34.0). However, in the second
year of sampling, significantly higher MB/TOC ratios were obtained
in the ‘wet’ treatment in winter 2009 in soil samples collected at

both sampling locations (23.5 and 14.5 from the inter-canopy and
under-shrub canopy, respectively), and in summer 2009 in samples
collected under the shrub canopy (50.4). At the semi-arid site,
significant (p < 0.05) differences in MB/TOC ratios were found
between soil samples collected from different water treatments
only in summer 2009, and the MB/TOC ratio was highest (282.8) in
the ‘dry’-treatment samples collected under the shrub canopy.

Temporal aspect (year and season), site, and locationwere found
to affect MB/TOC ratio (p < 0.0001). Nineteen out of a total of 31
interactions obtained between the different variables were found
to be significant (Table 2).

3.2.4. Metabolic quotient (qCO2)
The metabolic quotient (qCO2), which represents the ratio

between basal respiration and microbial biomass, was found to
exhibit trends similar to MB, with maximum qCO2 values of
20.7 mg CO2eC g�1 biomass-C h�1 and 20.9 mg CO2eC g�1
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biomass-C h�1 in summer and inter-canopy soil samples, respec-
tively (Table 1, Fig. 7a,b). Significant (p < 0.05) differences between
rainfall-manipulation treatments were observed in summer 2009
at both study sites, where qCO2 ratio showed significantly
(p < 0.05) higher values in the ‘dry’-treatment samples collected in
the inter-canopies (24.2 and 24.3 mg CO2eC g�1 biomass-C h�1 at
the Mediterranean and the semi-arid sites, respectively) (Fig. 7a,b).
qCO2 was significantly (p < 0.0001) affected by season, the inter-
action between season and year, and the interaction between
season, year, and treatment (Table 2).

4. Discussion

This experimental setup was used during a two-year study
period in order to acquire knowledge on changes in soil microbial C

processing as a result of water manipulation and seasonality on
a temporal basis. The uniqueness of this setup was treatment
manipulation in two different ecosystems (Mediterranean and
semi-arid) within a distance of less than 100 km from each other.
Despite the significant distinctiveness between Mediterranean and
semi-arid ecosystems in total amount of rainfall, its prolongation
and its distribution, a similar goal of maintaining their functional
state was exhibited by these two sites.

Berg and Steinberger [22] and Whitford [35], have elucidated
the ecological significance not only of total rainfall but also of its
distribution and prolongation in semi-arid and arid regions.
Moreover, Fay et al. [25], Knapp et al. [36], and Harper [37] found
that an increase in the intervals between rainfall events had the
most pronounced effect on soil and plant responses, whereas
reduction in rainfall quantity alone had little or no effect on soil
moisture. Unpredictability in total amount of rainfall and its
distribution during the study period was found in the present
study. The combined effect of changes in water quantity and
distribution pattern caused the pronounced impact of rainfall-
manipulation treatments on soil moisture in the second year of
this study.

In view of the fact that soil moisture is one of the main triggers
of soil biotic activity, changes in rainfall distribution with a pro-
longed rainfall season, as occurred in winter 2009, were one of the
most important factors affecting soil microbial activity (measured
by evaluation of the different aspects of microbial community
functions, such as CO2 evolution and biomass), similar to the results
obtained by Berg and Steinberger [22].

Shrub cover played an important role in prolonging soil mois-
ture levels between rainfall events, a feature obtained at both study
sites in the summer seasons. The results obtained in the present
study were found to be in line with those reported by Berg and
Steinberger [22], who evaluated the contribution of perennial
shrubs to soil biotic activity. In addition to prolonged availability of
soil moisture under shrubs, Whitford et al. [38], Schlesinger et al.
[39], and Whitford [35] elucidated the great importance of
perennial-plant and organic-matter input in semi-arid and arid
environments. In their studies, they showed the importance of
organic-matter accumulation as a major source of nutrients in
triggering soil biotic activity, incorporating ‘islands of fertility’with
prolongedmoisture availability, and generating a biological ‘hub’ of
microbial activity, as defined by Berg and Steinberger [22]. Areas
that accumulate organic matter provide nutrients to the soil biota,
and when moisture is available for prolonged periods, these areas
become a biological hot spot, where fertility and microbial activity
is high. The ‘islands of fertility’ were found to be of a great impor-
tance at the semi-arid site, as noted by high DOC values under the
shrub canopy. Furthermore, high DOC content could indicatewhere
organic matter is accumulating and where these ‘islands’ or hot
spots are likely to occur.

Although soil organic matter is the largest terrestrial store of
biologically active C and N [40], we obtained few significant
differences in TSN values between samples collected at the inter-
canopy sites and samples collected under the shrub canopy. TSN
values were high at both study sites in winter 2009 due to the
decomposition of organic matter, which occurred in summer 2008.
Shrub contribution (soil moisture, DOC) and the pool of available
nitrogen (which was leached at a lower level in the ’dry’ treatment)
may have caused the higher CO2 evolution, microbial biomass, and
MB/TOC ratios that were obtained in summer 2009 at the semi-arid
site in ‘dry’-treatment samples collected under the shrub canopy.

CO2 evolution, which reflects the overall biological activity in
the soil, is known to be affected by substrate availability, nutrients,
moisture, temperature, and vegetation [41,42]. According to Wild-
ung et al. [43], Arnone et al. [44], and Talmon et al. [27] soil
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respiration in situ was reported to be closely linked with soil
temperature and moisture. As a result, CO2 evolution rates tend to
increase with the increase in soil temperature that occurs during
the summer, as reported in our study. Furthermore, although water
is a critical source for all biological activities, events with large
amounts of rainfall and high levels of intensity during short periods
were found to act as inhibitors of soil biota, similar to results
reported by McMahon and Schimpf [45]. Kieft [46], in examining
the response of microbial biomass to rapid changes in soil moisture
potential in two semi-arid soils in California, also reported that an
increase in soil-moisture potential could significantly decrease
microbial biomass. Such events increasing soil moisture may
generate osmotic stress, which could be the main cause for the
decrease in microbial biomass, as reported by Wardle and Parkin-
son [47]. Zhang and Zak [48], in their water-amendment study,
found no significant differences in microbial biomass between
water-addition and control samples, similar to the current study, in
which low MB values were obtained in ‘wet’-treatment samples

collected under the shrub canopy in summer 2009 at the semi-arid
site.

Wardle and Parkinson [47] demonstrated that basal respiration
in rewetted dry soils produces a rapid increase in microbial activity,
especially if the soil is maintained at low moisture levels for an
extended period of time. In the present study, CO2 evolution,
microbial biomass, and the MB/TOC ratio were significantly higher
under dry conditions e e.g., in the summer sampling seasons e in
comparison to the winter seasons at the semi-arid site in
comparison to the Mediterranean system.

A similar pattern of CO2 evolution and microbial biomass was
obtained at both study sites inwinter 2009, despite the low amount
of precipitation that occurred at the semi-arid site compared to the
Mediterranean site. This could be the result of a relatively higher
amount of dew formation at the semi-arid site even in the winter
season, when significant differences in temperature between day
and night occur [49], and which compensated for the absence of
precipitation and enhanced biological activity.
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The metabolic quotient (qCO2) of the microbial communities
was suggested by Anderson and Domsch [50], and Dilly et al. [51] as
correlating positively with energy demand and, hence, negatively
with carbon-use efficiency of soil microbial communities. It is
widely accepted that qCO2 is elevated when amicrobial community
operates inefficiently and diverts a higher proportion of carbon to
maintenance requirements than to biosynthesis as a result of an
exogenous disturbance [50,52]. In summer 2009 (the season with
the significant differences in soil moisture between water-
manipulation treatments), the qCO2 values were significantly
higher in the ‘drought’-treatment samples collected inter-canopy at
both study sites. The inter-canopy microbial community may
exhibit stress in contradistinction to the microbial community at
the same site, season, and water treatment but under the shrub
canopy [53].

Salamanca et al. [54] examined the effect of rainfall manipula-
tion on litter decomposition and the microbial biomass of a forest
floor. Similar to their soil respiration rates and Cmic results, no

consistent impact of water-manipulation treatments on TOC, DOC,
TSN, respiration rates, microbial biomass, and qCO2, was found. This
is in line with our results obtained in the present study.

Studies focusing on the effects of altering rainfall on ecosystem
functioning in these regions are needed to enhance our under-
standing of the impact of possible future climatic scenarios in order
to avoid potentially negative impacts of environmental change. Our
results show that the contribution of shrubs (soil moisture and
carbon supply, which prolong activity) to the soil microbial
community increases as soil moisture decreases. The input of C
largely determines microbial-biomass size [55]. The impact of
rainfall-manipulation treatments on the soil microbial community
should be monitored for a much longer period in order to be able to
better understand the long-term effects of water inputs. The
present study elucidated the multifaceted importance of shrub
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cover as an organic matter donor, prolonging moisture availability,
and having a positive effect on microbial activity.

Moreover, analyses of microbial functional diversity data
obtained along spatial and temporal axes in these two climatic
regions, as well as study of the bacterial and fungal community and
species diversity, are needed in order to understand the interplay
between the two main decomposer groups.
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